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Abstract

Using multiple independennetworks(also knownas rails) is an emeging techniqueto overcomebandwidthlimitations
and enhancefault toleranceof current high-performancearallel computes. In this paperwe presentand analyzevarious
algorithmsto allocate multiple communicatiorrails, including static and dynamicallocation schemes.An analytical lower
boundon the numberof rails requiredfor staticrail allocationis shown.We also presentan extensiveexperimentalcompar
ison of the behaviorof variousalgorithmsin termsof bandwidthand latency We showthat striping messgesover multiple
rails cansubstantiallyreducenetworklatency dependingon average messge size networkload, andallocationscheme The
compaed methoddnclude a static rail allocation, a basicround-obin rail allocation, a local-dynamicallocation basedon
local knowled@, anda dynamicrail allocationthat reservesoth communicatiorendpointsof a messge before sendingit.
Thelast methods shownto performbetterthanthe others at higherloads: up to 49% betterthanlocal-knowledg allocation
and 37% betterthanthe round-obin allocation. This allocation schemealso showslower latencyand it saturatesat higher
loads(for messgeslong enough) Mostimportantly this proposedallocationschemescaleswell with the numberof rails and
messge sizes.In additionwe proposea hybrid algorithm that combineghe benefitwof the local-dynamicfor shortmessges
with thoseof thedynamicalgorithmfor large messges.

Keywords. CommunicatiorProtocols,High-PerformancdnterconnectiorNetworks PerformanceEvaluation,Routing Com-
municationLibraries,Parallel Architectules.

1. Introduction

System-interconnectionetworks have becomea critical componentof computingtechnology with a direct impacton
the design,architecture,and use of high-performancearallel computers. Indeed,not only the sheercomputationakpeed
distinguisheshigh-performanceomputersirom desktopsystemsbut alsothe efficient integration of the computingnodes
into tightly coupledmultiprocessorsystems. Network adapters switches,device-drivers and communicationlibraries are
increasinglybecomingperformance-criticatomponent$n modernsupercomputers.

Oneapproacho building large-scalesupercomputerayith asmary asthousand®f processorsis to usesharedmemory
multiprocessorgSMPs)asbuilding blocks. In suchmachinesit is very importantto keeptheratio betweercomputingpower
and communicationcapability properly balanced. One solution to the issuesof limited bandwidthavailability in network
connectionsandof faulttolerancejs the useof multiple parallelnetworksor "rails". Thistechniquampliesthe utilization of
severalnetwork interfacegper SMPnode,attachedo independent/O buses.To thebestof our knowledge verylittle attention
hasthus-farbeengivenin theliteratureto studiesof communicatiorprotocols performanceharacteristicfault toleranceand
implementatiorof systemsoftwareandlibrariesfor multiple rails.

Asidefrom beinga challengingscientificende&or, the analysisof multirailed networks hasdirectpracticalimplicationsas
well. The Pittshurgh Supercomputingenter(PSC)! the secondargestsupercomputein theworld for unclassifiedesearch

*A shorterversionof this paperandresultsfor the staticrail allocationcanbefoundin [3] and[2].
tThework wassupportecby the U.S. Departmenbf Enegy throughLos AlamosNationalLaboratorycontractW-7405-ENG-36
http://wwwpsc.edu.



at this time, is interconnectedvith two distinct network rails. Los Alamos National Laboratoryand Compagare currently
developinganextreme-scalemultirailed clusterof SMPs the 30TopsASCI Q machine? Both the PSCandthe Q-machineare
basednthe Quadricsnetwork (QsNet)? which consistof two building blocks,a64bit/66MHzPCl cardwith aprogrammable
network interfacecalledElan [10] anda low-lateng high-bandwidthcommunicatiorswitch called Elite [11]. Elites canbe
interconnecteéh afat-treetopology[6]. A recentperformancevaluationof the QsNetshavsthatthe network performances
seriouslylimited by the PCI bus[8]. In fact,the network candeliver almost340 MB/secat userlevel, but the PClimplemen-
tation cansustainonly 300 MB/sec,usingthe mostefficient PCI chipseton the market. The presencef bidirectionaltraffic
further degradesperformancelimiting the aggregatecommunicationbandwidthto 80% of the unidirectionalbandwidthon
mostPCI chipsety(Intel 840, Senerworks He andLE, CompagWildfire). Thoughthe next generatiorof the PCl interface,
calledPCI-X, will doublethenominalperformancethenew generatiorof QsNetwill alsodoubleits performancesothisissue
will not disappear The sameproblemis alsolikely to appeamwith Infiniband, wherehigh bandwidthbetweemodescanbe
achievedby groupingtogetherseveralcommunicatiorchannelgl]. For example thefirstimplementation®f Infinibandwith
the McKinley processowill be basedon the Intel 870 chipset. This chipsetprovidesa 4X Infinibandconnectiorat 1GB/sec
whichis equalizedo the bandwidthof the /O busin a singledirection.

In this paperwe presenthe basicpropertiesof a multirailed network andanalyzefour approacheo multirail communica-
tion. Theseapproachefy to minimize,or eliminate,two distincttypesof congestion.

1. Conflictsat the destinationnode Multiple messagesanbe sentto the samedestinationfrom differentsourcesat the
sametime. For example,if we splitamessagé two equallysizedchunksandwe sendthosechunksontwo distinctrails,
we expectto cutin half the delivery time of thewhole messageBut, if anothemmessagés sentto the samedestination
ononeof therails atthe sametime, thenthereis no performancedwantagen usingmultiple rails.

2. Conflictson the I/O bus. The recipientof a messagean potentially usethe samenetwork interfaceto sendanother
messagén the otherdirection. Again, this cancausea substantiaperformancelegradation?

In thefirst approachcalledstaticrail allocation,eachnetwork interfacecaneithersendor receive messagesndits directionis
determinedhtinitializationtime, thuseliminatingall conflictsonthel/O bus. Staticallocationposegsheproblemof connectvity
betweemodes:we wantto have adirectpathin thenetwork betweerary possiblepair of nodes.Theuseof intermediatenodes
could seriouslydegradethe latengy achieved by zero-coyy, userlevel communicatiorprotocols,a key featureof mosthigh-
performancenetworks. In Section2 we shav that addressinghis problemrequiresa large, possiblyprohibitive, numberof
rails.

We addresgheseproblemswith local-dynamicallocation. In this scheme rails are allocatedin both directions,using
local informationavailable on the senderside. Messagesre sentover rails that are not sendingor receving othermessages,
potentiallystriping a messag@ver multiple rails whenpossible.Sincethis algorithmusesonly local information, thereis no
guaranteehatthetraffic will be unidirectional,on bothends.

The dynamicallocation schemetries to resere both endpointsbefore sendinga messagend eliminatesboth types of
conflicts. In its corethereis a sophisticatedlistributed algorithmthat ensuresunidirectionaltraffic at both endsand avoids
livelocks,potentiallygeneratedy multiple requestsvith a cyclic dependeng Theimplementatiorof this algorithmrequires
someprocessingpowerin the network interfacecard(NIC), which needgo processncomingcontrol pacletsandperformthe
resenation protocolwithout interferingwith the processorin the SMP. Fastresponsgime in the NIC is essentiato limit the
overheadf this protocolfor the protocol's overheado be justified. This is the caseof the QsNet[8], which is equippedwith
athreadprocessothatcanreadanincomingpaclet,do somebasicprocessin@ndsendareply in asfew as2us.

Finally anotheidynamicallocationschemas proposedcalledhybrid, which allows bidirectionalityfor smallmessageshus
minimizing the protocoloverheador fine-grainedcommunication.n the presencef large messageghe algorithmresenes
bothendpointsmaintainingunidirectionatransmissioron bothendsasmuchaspossible.

The experimentakesults,obtainedusinga circuit-level simulatorof the network andnetwork interface,explore the perfor-
manceof theseallocationalgorithmsunderseveraltraffic loadsandmessagsizes.Theseresultsshednew light into the benefit
of usingmultiple network rails andexposeseveraltrade-ofs in the designof theallocationalgorithms.

The restof this paperis organizedasfollows: we startwith the descriptionand formal analysisof staticrail allocation
in Section2. Section3 presentghe local-dynamicallocationand Section4 offers a descriptionof the dynamicand hybrid
allocationapproachesThedetailsof the experimentakvaluationperformedaredescribedn Section5 andtheresultsobtained
arepresentedn Section6. Finally, we concludein Section?.

2http://lwww5.compag.com/alphaserheavs/supecompute_0822.html

Shitp://iwwwquadrics.com

4All thealgorithmspresentedh the papercanbeeasilygeneralizedo the simplercasewherebidirectionaltraffic canbeefficiently handledby thenetwork
interface.



2. Static Allocation

In this sectionwe describethe staticallocationof network interfaces,in which eachnode-to-railconnectionis exclusively
atransmitteror arecever. We obtainanalyticallythe optimal allocationpatternand constructan algorithmfor generatingt.
Thetermsnetwork interfaceandrail areusedinterchangeablyhroughouthis section.

2.1. Theoretical bound

Algorithm 1 : Staticrail allocationwith 2 log, n rails.
procedure log_rail _alloc

begi n
for 4 = 0 to logyn—1 do
begi n
al l ocate nodes on rail 2i in consecutive groups of 2i{, alternating
between transmitters and receivers, starting with the transmtters.
end
for 4 =0 to logyn—1 do
begi n
al l ocate nodes on rail 2i+1 in consecutive groups of 2¢{ alternating
between transmitters and receivers, starting with the receivers.
end
end

We aretrying to find whatis the maximumnumberof processinghodesthatwe caninterconnecusinga given numberof
rails, underthefollowing constraints:

1. Eachnodecaneithertransmitor receve on a givenrail but not both. This ensureainidirectionalaccesso thel/O bus.
2. Eachnodecantransmitto every othernodewithout passinghroughintermediatenodes.

3. Railsareindependentmessagesannotpassfrom onerail to another

Let us represent staticallocationusing a binary matrix wherecolumnsrepresenhodesand rows representails, so thata
valueof 1" in the 4;; entrymeanghatnode; transmitsonrail 4, anda’0’ meanghatnodej recevesonrail i. Figurel depicts
staticallocationsexamplesandtheir equivalentallocationmatrices.In the exampleshavn in Figure1(a), rail 0 canbe used
for sendingoy node0 andreceving by nodel. Sincetheallocationis static,onemorerail is requiredto allow communication
from node1 to node0. Obviously, two rails aresufiicient to ensurefull connectvity betweenwo nodes.Whenconsidering
four nodes at leastfour rails arerequiredto ensurefull connectvity. Figure1(b) shavs onepossibleallocation,and1(d) the
correspondingllocationmatrix. In a staticallocationsuchasthis, wheremorethanonepathexistsbetweersomenodesarail
canbechoserin around-robinfashionin orderto have afair andbalancedisageof the availablerails.

Ourgoalis to maximizethe numberof nodes: thatcanbefully connectedy r rails, meetingtherequirementsistedabove.
A simplelower boundon the maximum,n > 22, canbe obtainedwith the staticallocationdescribedn Algorithm 1. While
this allocationis simple,and clearly satisfiesthe constraintsjt is not optimal. The optimality is containedin the following
proposition:

Proposition 1. Givenr networkrails, thenumberof nodes thatcanbestaticallyallocatedto theserails with unidirectional
communicationn the networkinterfacecard (NIC) andfull nodeconnectivitycannotexceed

»< (1) S

Proof. Eachnodecanuseary givenrail for eithertransmittingor receving, but not both (unidirectionalrequirement) Let
a binary vectorrepresenthe staticallocationof nodeson arail: the vectorsith entryis O if the ith nodereceveson this rail
and1l if it transmitsonit. We canrepresenthe staticallocationof the entire systemasa binary matrix A with r rows, each
representingnerail, andn columns,eachrepresentingnenode.Let 4;; denotethevalueatrow i andcolumnj of A, thatis,
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(a) Two rail allocation for two nodes (b) Four rail allocation for four nodes
11 0 O
< 1 °> 001 1
01 1010
01 0
(c) Allocation matrix for two nodes (d) Allocation matrix for four nodes

Figure 1. Simple static allocation examples for 2 (a) and 4 (b) nodes. Rectangles denote netw orks
(rails); circles represent nodes and arrows denote the allocation of each rail to each node as either
transmitter or receiver. The corresponding allocation matrices are shown, respectivel y, in (c) and (d).

therole allocatedto the jth nodeon theith rail. The problemcanthusbeformalizedasdeterminingthe maximumnumberof
columnsn of a binary matrix with r rows for which thefollowing propertyholds:

Vez,ye{l.n},z#y: Ipe{l.r} st. 4,, =0,4,, =1 2)

For eachmatrix columnj let S; bethesetof indicesi for which A;; = 1:
S; = {1 <1 <r|A;; =1}. Notethatthe property(2) of amatrix A is equivalentto thefollowing property:

Ve,ye{l.n},z#y: S, €S, (3)
Theequialencestemsrom thefactthatif (3) doesnt hold,i.e.

Jz,ye {l.n},z#yst S, CSy

thenfor everyrow p € {1..r} for which 4,, = 1 wehavealso4,, = 1 so(2) cannothold. In the otherdirection,if (3) holds
thenfor every two columnsz,y € {1..n}, z # y therewould have to be atleastonerow p € {1..r} for which 4,, = 0,
A,y = 1, orelseeitherS, C S, or S, C S;. Themaximumnumberof columnsn for amatrix A with the property(3) is given
by Spernerslemmato be (1). A shortproof of thislemmacanbefoundin [7]. O

2.2. Allocation algorithm

We proposean algorithmto allocater rails to n nodesfor ary givenr andn thatsatisfy(1). This algorithmis simpleto
implementandis optimalin the sensehatit canallocaterails for all the nodesavenwhenthe boundis tight. The mainidea
behindit is to find n differentbinary vectors(representinghe rail transmit/receie allocationfor a singlenode),eachhaving
exactly [£] 1'sin them.The numberof distinctvectorswith this propertyis

(1)

sothereis a sufficient numberof vectorsto allocatefor n nodes.Furthermoreary two differentvectorscontainingthe same
numberof 1's satisfycondition(3), so by inferencethesevectorssatisfythe requiremen(2). Any enumeratiorthatproduces
the differentvectorscan provide thesevectors. For example,stringscanbe enumeratedy lexicographicorder (for r = 4
we could have 0011, 0101, 0110, 1001, 1010, 1100). Anothersimple procedureto enumeratesuchvectorsis describedn
Algorithm 2.

Figure2 compareshenumberof supportechodesandthe numberof requiredrails with thetwo staticallocationalgorithms.
An exampleof allocationusingAlgorithm1is depictedn Figure3. Notethata maximumof 8 nodescanbeallocatedusing6
rails with this algorithm,while Algorithm 2 supportsup to 20 nodes.Figure4 is an exampleof an optimalallocationmatrix
createdby Algorithm 2. It canbe seenthatary staticallocationalgorithmrequiresa large numberof rails to fully connecta
clusterof a significantsize.



Algorithm 2 : Optimalstaticrail allocation.

{ This is a recursive procedure that runs until n binary vectors of
Il ength » are output, each representing a rail allocation for a single
node. The procedure tries to allocate a 1 and then a 0 for each vector
| ocation, and backtracks whenever a vector is |long enough. It should
be first called fromoutside with the follow ng paraneters:
build_rail _vectors (enpty_vector, =, int(r/2))

}
Procedure build rail _vectors
I nput: current_vector, { vector being built }
rails_left, { rails left to allocate }
ones_ |l eft, { ones left for this vector }
begi n
if n vectors were output then return { End condition net -
all ocated for all nodes }
if rails left < 0 then { No nore rails to allocate neans that - }
out put current_vector { the current vector (node) is conpleted. }
el se
begi n { Still have rails to allocate }
if ones left > 0 then { Try to allocate a 1 if any left }
build rail _vectors (current_vector appended with 1
rails left - 1,
ones left - 1)
if (rails_left - ones_left) > 0 then { Try to allocate a 0 -
if any left }
build rail _vectors (current_vector appended with O,
rails left - 1,
ones_| eft)
end
end

25 T

optimal allocation ‘ j—
2 log2 allocation --------- I

20 + — 8

rails

4 16 64 256 1024 4096

Figure 2. Required rails as a function of the number of nodes for both static allocation algorithms.



101 01010
11001100
11110000
01010101
001100171
00001111

Figure 3. Example allocation for 6 rails and 8 nodes using Algorithm 1.

111111111 100O0O0O0O0UO0OO0UO0O0
1 111000O0OO0OO0OT11111100UO0TO0
1 00011100O011100011T10
01001001101 0011011°071
0010010101 0101011°0171
0001001011001 01101T171

Figure 4. Optimal allocation matrix for 6 rails and 20 nodes created using Algorithm 2.

3. Local Dynamic Allocation

With the dynamicallocationschemesthe direction in which eachNIC is usedby its node changesdependingon the
communicatiorrequirementsThis allows to overcomethe high rail requiremenbf the staticallocationand canmake better
useof network resourcesUnlike staticallocation,dynamicallocationdoesnot predefinea communicatiordirectionfor rails
while still takingmeasure$o minimizethe amountof actualbidirectionaltraffic on alink.

In this section,a dynamicalgorithmbasedonly on local information(thatavailableat the sourcenode)is proposed .t can
be appliedto network configurationsvith any numberof rails. Severaldesirablefeaturesareaddressedamely minimization
of bidirectionaltraffic overthe network interface Joadbalancingamongrails, andhigh network utilization. Thelocal-dynamic
algorithmis usedby eachprocesdo senda messag@ver the network andis designedo stripe messagesver multiple rails.
Furthermore when sendinga messageit only selectsNICs that are available. Thus, a sendtransactionwill not produce
bidirectionaltraffic in the sourceunlessa messageeceptionstartsbeforethe sendtransactiorcompletes.

Algorithm 3 : Local DynamicAllocation
Procedure Local Dynanic_All ocation
I nput: nessage (M, destination node (dest), striping ratio (str_r)
begi n
r epeat
F « {n | Nstatus[n]==FREE}
S « Select_Tx_NCs(F, str_r)
until (F#0)
send M to dest using NNICs in S
end

Algorithm 3 shaws the local-dynamicscheme. The rail allocationpolicy selectsa subsetS of the setof free rails F' for
sendinga messageAll rails in S arethenusedfor sendingthe message.The algorithmconsidersa rail asfreeif it is not
sendingor receving. Thelocal-dynamicalgorithmusesa datastructure(NStatu3 which containsthe statusof eachNIC in a
specificnode. The stateis updatedoy the NICs andcanbe RESER/ED or FREE.The subsebf free NICs which s selected
dependwn the desiredstriping ratio. This parametefixesthe numberof free rails which is usedto senda single message
(stripedin the appropriatenumberof fragments) Its valuerangesetweerD (only onerail is selectedpndl (all the available
rails arechosen).The striping ratio is handledwith the Select_Tx_NIC#unction, which employs a round-robinalgorithmto
ensurdairnessvhenselectinga subsebf thefree NICs. Theallocationof the NICs startsat thefirst free NIC just pastthelast
oneallocatedn the previoustransaction.



4. Dynamic Allocation

The dynamicallocationalgorithm collectslocal- and remote-staténformation from the NICs for every communication
operation.lts maingoalis to guaranteehat boththe sendingandthe receving sidearefree beforeinjectinga messageThis
ensuresinidirectionaltraffic atbothends.

In thedynamicallocationalgorithm,we usetwo typesof communicatingprocessesT hefirst, the PE (processinglement)
processis integratedwith the underlyingcommunicatioribrary andis run at userlevel by all the processesf a paralleljob.
ThesecondunsontheNIC processorandhandledocal andremoterequestslt shouldbe notedthatthis distributedalgorithm
runson every PEandNIC in thecluster

4.1. PE process

Algorithm 4 : DynamicAllocation (PEprocess)
Procedure Dynanic_Al |l ocati on_PE
I nput: nessage (M, destination node (dest), striping ratio (str_r)
begi n
r epeat
F « {n | Nstatus[n]==FREE}
send local RTSto the NICs in F
Wait until all renote NICs reply or a timeout expires
A + {The set of NICs that replied with a CTS}
until (A#0)
S « Select_Tx_NCs(A, str_r)
Deal | ocate all NI Cs in A\S, sending an ABORT.
send Mto dest using NICs in S
end

This processshowvn in Algorithm 4, runson the PEsandis invokedwhena messagés sent. Rail resenationis employed
prior to sendingsothatthe network interfacesat sourceanddestinatiorarededicatedo unidirectionalraffic atbothends.This
resenationis performedby the sendeiin the following way: if local NICs areavailable,eachrequesis temporarilyassigned
to all the availableNICs. Thena Requesfio Send(RTS) is sentto the destinationNICs (onedestinatiorNIC for eachsource
NIC) to checkfor availability andresene them. DestinationNICs reply with a Clear To Send(CTS)if free anda Negative
Adknowledgmen(NACK) otherwise.Oncethe setof availablepaths(rails) is known at the senderside,anotherselectionis
done(by the Select_Tx_NIC#&unction) in orderto choosethe actualsetof rails for sending,basedon the desiredstriping
ratio. Railsinitially allocatedthatarenot eventuallyusedarefreedby sendingan ABORT command.Whenthe messagés
successfullydelivered,the destinationprocessendsa local ACK to its NIC, which onits turn forwardsa remoteACK to the
sourceNIC. A round-robinalgorithmis usedto guaranteea fair selectionof NICs. Finally the messagés striped,if possible,
andsentover the selectedsetof NICs. A visualrepresentatioof the algorithmis depictedn Figure5.

4.2. NIC Process

This processshowvn in Algorithm 5 and Table 1, runs on the NIC and handlesthe requestdssuedby local and remote
processorsAs in the local-dynamicalgorithm,we usea datastructure(NStatu$ containingthe statusof eachNIC in agiven
node.In this casethe statuswhichis only updatedby the NICs, canbe oneof thefollowing:

e FREE- theNIC is available.
o RESER/ED - theNIC is resenedby alocal requestemwhile trying to allocatethe destinationNIC.

RECEIVING - theNIC is receving amessage.

RECEIVING andOut_RTS - theNIC is receving a messagandhasanoutstandingRTS message.

SENDING- theNIC is sendingamessage.
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Figure 5. Dynamic allocation operation when selecting more than one NIC.

Event\Status || Free | Receiing | Sending | Resered | Receving & Out_RTS
Local RTS RemoteRTS LocalNACK Local NACK Local NACK Local NACK
Resered Receving Sending Resered Receving & Out_RT'S
Local ACK RemoteACK RemoteACK
Free Resered
Local ABORT RemoteABORT
Free
REMOteRTS RemoteCTS RemoteNACK RemoteNACK - RemoteNACK
Receving Receving Sending call livelodk_avoidance| Receving & Out_RT'S
RemoteABORT B -
Free Resered
REMOCTS LocalCTS RemoteABORT & Local NACK LocalCTS
Sending Receving Sending
RemoteACK B
Free
RemoteNACK Local NACK Local NACK Local NACK Local NACK Local NACK
Free Receving Sending Free Receving

Table 1. Dynamic allocation - NIC process state table. The first row in each cell represents the mes-
sage(s) to be sent and the second row represents the new state .

WhenaremoteRTS is recevedandthe NIC is free,the NIC is assignedo therequesteanda CTSis issued.Therequester
caneitherusetheresenedpathto senda messager abortit. If theNIC is notfree,a NACK is sentto therequester

With regardto the local requestsif alocal RTS is recevedandthe NIC is free, it is assignedo thelocal requesteanda
remoteRTS is sentto the destinatiorNIC. If a CTSis recevedfrom theremoteNIC (the pathhasbeengranted)alocal ACK
is sentto the local requestethat decideswhetherto usethe resened path (sendinga messagedr to dismissit (sendingan
ABORT). Thatdepend®n theappliedstripingratio asstatedn 4.1.

This procedurecanlivelockif a cyclic dependengis establishedetweendifferentNICs. As an example,let us suppose
thateachNIC in Figure6(a)sendsarequesto anotheMNIC sothata cycle of dependencieis generatedin this scenariogach
NIC recevesarequestwhile having an outgoingrequestpending. Consequentlyusingthe algorithmdescribedabove, every
NIC sendsa NACK (theNICs arebusyasthey have outgoingpendingrequestsandthenall threeNICs retry the connection.
Thisleadsto alivelockif no othermechanisnis implemented.

In orderto dealwith this problem,a livelock-avoidancemechanisnhasbeendevelopedandincludedin Algorithm 6. For
thesale of clarity, thismechanisnis shavn in aseparat@rocedurdAlgorithm 6 andTable2). This priority-basedalgorithmis
runby eachNIC wheneveralivelockis possiblewhichis everytime anincomingrequesis recevedwhile anoutgoingrequest



Algorithm 5 : DynamicAllocation (NIC process)

Procedure Dynami c_All ocation_N C
begi n
NStatus[i] <+ FREE
counter <+ O {for livel ock avoi dance}
while TRUE { repeat forever }
case event of
| ocal _RTS:
if (NStatus[i]==FREE) then
NStatus[i] <+ RESERVED
send RTS to renote node
el se
send NACK to | ocal process

renote_CTS:
if ((NStatus[i]==RESERVED) OR (NStatus[i]==FREE)) then
NStatus[i] < SENDI NG
send CTS to | ocal process
else if (NStatus[i]==RECElIVING) then
send NACK to | ocal process
send ABORT to renote node

renote_RTS:

if (NStatus[i]==FREE) then
NStatus[i] <« RECEl VI NG
send CTS to renpte requester

el se if (NStatus[i]==RESERVED) then
call livel ock_avoi dance

el se
send NACK to renote requester

| ocal _ACK:
if (NStatus[i]==RECElIVING) then
NStatus[i] <« FREE
el se if (NStatus[i]==RECEI VI NG AND Qut st andi ng_RTS) then
NStatus[i] <+ RESERVED
send ACK to renote requester

renot e_ACK:
if (NStatus[i]==SENDI NG) then
NStatus[i] <« FREE

r enot e_NACK:
if (NStatus[i]==RESERVED) then
NStatus[i] <« FREE
send NACK to | ocal process
el se
send NACK to | ocal process

| ocal _ABORT:
if (NStatus[i]==SENDI NG) then
NStatus[i] <« FREE
send ABORT to renote requester

renot e_ABORT:
if (NStatus[i]==RECEIVING AND Qut st andi ng_RTS) then
NStatus[i] <+ RESERVED
else if (NStatus[i]=RECElIVING) then
NStatus[i] <« FREE

end
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Figure 6. Liveloc k example .

Event\Status || Resered & Livelock
Local Winner Send:RemoteNACK; c=c-1
Resered

RemoteWinner Send:RemoteCTS;c=c+1
Receving & Out_RT'S

Table 2. Liveloc k avoidance state table.

Algorithm 6 : Livelockavoidanceprocedure

Procedure Iivel ock_avoi dance
begi n
if ((local _counter>renote_counter) OR
((l ocal _counter==renpte_counter) AND
(l ocal _node_i d>renpote_node_id))) then { local request receives priority }
counter <« counter - 1
send NACK to renote requester
NSt atus[i] <+ RESERVED
el se { renpte receives priority }
counter < counter + 1
send CTS to renote requester
NStatus[i] <+ RECElIVING & OUTSTANDI NG _RTS

end
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is pending.At initialization time, every NIC is assigned default priority level. Eachtime a potentiallivelockis detectedhe
priorities of theremoteNIC (incomingrequestlandthelocal NIC (outgoingrequestlare compared.The requestwith lower
priority is aborted.If the priorities areidentical,the identifiersof the local andremotenodeareusedinstead.Finally, in order
to ensurdairnessthelocal priority is updatedn thefollowing way: if thelocal requestvins, thelocal priority is decremented,
otherwiseit is incremented.

An exampleis shovn in Figure6(b). In this example,the potentiallivelocked situationappearsvheneachnodesendsan
outgoingrequestandwhile this is still pending,it recevesanincomingone. NIC-i andNIC-j have lower priority thanthe
sourceNIC of theirincomingrequestgNIC-k andNIC-i, respectiely), sothey senda CTSto therequesteNICs. Ontheother
hand,NIC-k hasa higherpriority thanits requesteNIC (NIC-j), soit sendst aNACK. Eventually every NIC receivesareply.
NIC-i recevesa CTSandrejectsit sinceit hasgranteda connectiorto the higherpriority NIC-k. NIC-j receivesa NACK for
its requesandignoresit sinceit hasbeenpreviously granteda pathto NIC-i. NIC-k recevesa CTSwhich grantsit the pathfor
therequestedending.Finally, NIC-j receivesan ABORT from NIC-i andbecomedree again.NIC priorities areupdatedas
statedabove, NIC-i andNIC-j incrementheir priorities,andNIC-k decrementés one. All the possiblestatesandtransitions
aredepictedn Tablesl and2.

4.3. Hybrid algorithm

The rail resenation protocolemployed by the dynamicalgorithmincursan overheadfor every messageent. For short
messageshisoverheadtouldbecomesignificant,comparedo thetimeit takesto sendthe messageWe thereforamplemented
a third, hybrid approachshowvn in Algorithm 7. The statusof the NIC is not modifiedwhensendingshortmessageshus,
additionalmessagemight be simultaneouslyeceved. Moreover on the network sideof the NIC anincomingshortmessage
is alwaysacceptedvenif the NIC is sendinganothemrmessage Thesemessagemay causebidirectionaltraffic during short
periodsof time (thetime neededo sendor receve a shortmessagen theworstcase).A shortmessagés never striped,since
the striping overheads notjustifiedin this case.Rather it is senton a singlerail which is chosenin around-robinfashionto
ensurdairness.

Algorithm 7 : Hybrid allocation(PE process)
Procedure Hybrid_Allocation_PE
I nput: nmessage (M, destination node (dest), striping ratio (str_r)
begi n
if | M < SHORT_MESSAGE LENGTH t hen
F « {n]| Nst at us[ n] =FREE} { Set of free NICs }
sel ect seF using round-robin
send M to dest using NIC s
el se
call Dynamic_Allocation PE (M dest, str_r)

end

Thethresholdusedby the algorithmto distinguishbetweerniong andshortmessages animportantparameterThis value
hasto be carefullyselectedo provide the bestperformancelf thevalueis too small,the dynamicalgorithmcould be applied
to message$or which striping and guaranteedinidirectionalbus traffic would not be effective. If too large, the allocation
policy approximateshe basicalgorithm,which simply usesrails in round-robinfashion(see5.2). Several experimentshave
beencarriedout in orderto analyzethe influenceof this parameteon network performanceanddetermineits optimal value,
andtheresultsareshovn in Section6.

5. Simulation Framework

This sectionoffersdetailson our simulationplatform,the workloadsthatweresimulated andthe metricsof interest.

5.1. Simulation model

In the experimentalevaluation,we focusour attentionon a family of fat-treeinterconnectiometworks, rangingfrom 32 to
128 SMPs,with four processorper SMP. Unlessotherwisestated a configuratiorwith 4 rails is used.Sincethe performance
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bottleneckis usuallythe PCI bus, the network topologyis not relevantand similar resultsare expectedfor othertopologies.
The simulationmodeltries to capturethe mostimportantcharacteristic®f the network at the granularityof the clock cycle.

The simulatormodelswormholeflow-control, with two virtual channelson eachphysicalchannel. Theinput bufferson each
virtual channekcancontainup to 128 flits [4], eachconsistingof two bytes.A flit canbetransmittecbvera physicalchannein

asingleclock cycle, while apaclet canberoutedthrougha routing switchin six clock cycles.

The simulatoralso modelsa threadprocessoin the NIC, which can processncoming control and datapaclketsand can
sendareply in afew hundredsof clock cycles. Anotherimportantcharacteristiés the unidirectionalityof the I/O bus, which
cantransmitdatain onedirectionat a time. We alsoassumehat the bus bandwidthis equalizedwith the externalnetwork
bandwidth(anoptimistic setof assumptionsgiventhe currentstateof the art).

This modelis evaluatedin the SMART (Simulator of MultiprocessorARchitecturesand Topologies)ervironment[9].
Implementedn C++, SMART is an object-orienteddiscrete-gent simulationtool for evaluatingparallel architecturesand
high performancenterconnectiometworks.

5.2. Communication patterns

In our modeleachprocesgyeneratepacketsindependentlyusingthreerandomvariables:

o themessagaize,whichis exponentiallydistributedwith a givenmeanvalue,
¢ theinter-arrival time, alsoexponentiallydistributedarounda givenmeanvalue,

¢ andthedestinationswhich arerandomlychoserwith equalprobabilitybetweerthe processes.

We considera setof communicatioralgorithms,includingabaselinebasicalgorithm, andthedynamicalgorithmsdescribedn

Sections3 and4. The basicalgorithmdoesnot useary protocol: whene&er anodeneeddo senda messaget sendst onone
rail, choosingt in round-robinfashion.This basecasecanseneto illustratethe effectsof boththe overheadf otherprotocols
andthe penaltieof bidirectionaltraffic.

5.3. Metrics

The performancef aninterconnectiometwork underdynamicloadis usuallyassesselly two quantitatve parametershe
acceptedhandwidth or throughput andthe latency Acceptedbandwidthis definedasthe sustainedlatadelivery rategiven
someofferedbandwidthatthe network input. Two importantcharacteristicarethesaturatiorpointandthe sustainedateafter
saturation. Saturationis definedasthe minimum offered bandwidthwherethe acceptechandwidthis lower thanthe global
pacletcreationrateatthesourcenodes.It is worth notingthat,beforesaturationpfferedandacceptedandwidtharethesame.
Thebehaior above saturatioris importantbecausehe network and/ortheallocationalgorithmscanbecomeunstablejeading
to a sharpperformancelegradation.We usuallyexpectthe acceptedandwidthto remainstableafter saturationfor example
in the presencef burst-modeapplicationghatrequirepeakperformancdor a shortperiodof time [5].

The experimentalresultsof eachtraffic are presentedisingtwo graphs,oneto display the acceptedbandwidthand the
otherto displaythe network lateng. In both graphs,the x-axis corresponddgo the offered bandwidthnormalizedwith the
unidirectionalbandwidthof the links connectingthe processingnodesto the network switches. This makes the analysis
independenof thelink bandwidthandtheflit size.

We reportthelateng in cyclesratherthanabsolutdime, in orderto make our analysisnsensitive to technologicathanges.
Giventhatthel/O busin the network interfacecanonly allow unidirectionaltraffic, themaximumachiezablethroughputunder
uniformtraffic is only 50% of thenominalinjectionbandwidth.Theintuition behindthis limit is thefollowing: let usconsider
for examplea clusterwith only two SMPsandsinglenetwork rail; underuniform traffic, only one SMP cansendto anotherat
ary giventime, dueto the unidirectionalityconstrainin the endpoints.

6. Simulation Results

In this section,we try to provide insightinto someimportantaspectof the multirail allocationalgorithms.We first study
theimpactof network load, messagsize,andstripingon the basicanddynamicalgorithmsusingfour rails. Then,we analyze
how thealgorithmsperformwhenthe numberof nodesandthe numberof rails arescaledup, andwe integratetheseresultsin
the evaluationof the hybrid algorithm.
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6.1. Bandwidth and latency

Thefollowing resultswereobtainedby simulating128 SMPs(nodes)four railsandfour PEsper SMP Figures7-8 compare
theacceptedandwidthandnetwork lateng asafunctionof the offeredbandwidth. Two differentvaluesfor the averagepaclet
size,4 KB and64 K B, arecomparedn the experiments.Thesegraphsshow the performancdor the basic,local-dynamic

anddynamicalgorithms.
We canseethatthebasicalgorithmperformsrelatively well on shortmessagedut its performancelecreaseasthemessage

sizeincreasesThe dynamicalgorithmbehaesin the oppositemanney performingpoorly on shortmessagesandincreasing
in performanceasthe messageaizegrows. The local-dynamicalgorithmexhibits similar performancdo the basicalgorithm
(althoughit achieveslower latenciesvhenstripingis used) performingbetterthanthe basicfor largermessageandworsefor
shortermessagesT his suggestshatwe may benefitfrom usingthe hybrid approachwhereshortmessagearesentusingthe

basicprotocolandlong messagessingthe dynamicprotocol.

6.2. Effect of striping

Figures7-8 alsodepictthe effect of messagstripingin thedynamicandlocal dynamicapproachesResultsnotshavn here
indicatethatit is alwaysbestto stripeasmuchaspossible sowe usedanaggressie approachusingonly full stripingandno

intermediatevalues.
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Figure 9. Maximum accepted load vs. network size using 4 rails and average message size of 32 K B.

Striping doesnot seemto have a significanteffect on any protocol’s acceptecbandwidth. However, it doesreducethe
lateng of sendingmessagesspeciallyasthe messagesize grows (which makesthe striping overheadesssignificant)and
load diminishes(which allows a highereffective stripingratio). It canbe seenfor example,thatfor anaveragemessagsize
of 64 K B andaload of 5% (Figure 8(b)), striping reduceshe dynamicandlocal-dynamiclatenciesby approximately65%
and72%, respectiely. The betterlocal-dynamicresultsat low loadsarisefrom the lower overheadassociatedvith sending
amessagéthereis no pathresenationin the local-dynamicalgorithm). At higherloads(above 15%) the dynamicapproach
outperformghelocal-dynamidecausé¢he protocoloverheads compensatetbr with thelow lateng providedby theresened
path.In bothcasesstripingis usefulwith low loadsthatoffer a high probabilitythatrailswill befree.

6.3. Node scalability

The effect of increasinghe numberof nodeson the maximumacceptedoadis shawvn in Figure9 for anaveragemessage
sizeof 32KB. The dynamicalgorithmoutperformsthe basicalgorithmby 36% for 32 nodesand29% for 128 nodes.These
algorithmsscalereasonablyvell, with alossof 7%-12% in maximumacceptedandwidthwhenthenetwork sizeis quadrupled
from 32 to 128 nodes.

6.4. Rail scalability

In orderto understandhe behaior of the algorithmsasa function of the numberof rails, we testedconfigurationf one,
two, andfour rails with 32 nodeseachhaving four PEs,andusingaveragemessagsizesin therangel KB — 256 K B. The
resultsaredisplayedin Figure 10. For the dynamicallocationwe show full striping only, sincethe maximumbandwidthis
hardlyaffectedby striping (dueto thelow probability of reservingnorethanonerail for highinjectionrates).The offeredload
is normalizedby dividing it by thenumberof rails, sothattheresourceequiremenmatchesheincreasen availableresources,
thusgiving a clearerview of the network’s scalability Again, we seethe dynamicalgorithm’s performancéncreasingwith
messagesize, for any numberof rails, while the basicalgorithm’s performancedecreaseshis resultsupportingthe idea of
a hybrid approach.More importantly we seethat the maximumbandwidthobtainedusingthe dynamicalgorithmis almost
constantfor any numberof rails (and even improves when addingmore rails, for message$arger than 16 KB). This can
be clearly seenin Figure 11(a)which shavs the maximumacceptedoad vs. numberof rails (up to seven) for an average
messagsizeof 32 K B. This graphconfirmsthatthe dynamicallocationalgorithmslightly improvesits bandwidthwhenthe
numberof railsis increasedOn the otherhand,the basicalgorithmdegradessignificantlywhencomparedvith the single-rail
configuration(a 40% bandwidthreductionin the maximumacceptedoad with seven rails whencomparedo the single-rail
topology). The reasonfor this is that asthe numberof rails grows, so doesthe averagesendingload of eachprocessofthe
numberof processorss fixed). The basicapproactusesa round-robinrail selectionmethod,gnoringthe stateof the NICs. It
thereforebecomesnoreprobablefor the processorto self-synchronizehe choiceof therails, leadingto a performanceéoss.
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In Figure11(b)we canobsene the effect of the numberof rails on lateng. The datawereobtainedrom experimentswith
aninjectionload of 0.15, using32 nodes(four PEspernode)andanaveragemessagsizeof 32 K B. The basicalgorithm’s
lateng actuallyincreasesvith the numberof rails, dueto theinefficiency of theround-robinmethod,asdiscussedbove. This
is confirmedin thesimulationtraceghatshaw theinjectionlateng to bethe sourceof thelateng growth. As expectedstriping
reduceshe lateny whenthe numberof rails is increasedor the dynamicalgorithms with anadvantageto thelocal-dynamic
algorithm. It is interestingto notethatevenwith no striping, bothdynamicalgorithmsscalewell with the numberof rails.

6.5. Effect of message size on saturation point

Anotherimportantfeatureof the allocationalgorithmsis the saturatiorpoint for differentmessagesizes.The experimental
datasetthatwasusedto obtainthe saturatiorpointsfor eachmessagsizeis thesameasin 6.1. Theresultsareshovn in Figure
12.

We canseethatthe dynamicalgorithm’s saturatiorpointincreasesvith themessagsize,while thebasicandlocal-dynamic
algorithmsretain a nearconstantsaturationpoint. Theseresultssuggesthat the dynamicalgorithm scalesbetterwith the
messageaizethando the othertwo. Onepossibleexplanationfor this is thatthe dynamicalgorithmensureghat no conflicts
will occuronary rail. Theseconflictsaremorelik ely asthemessagsizeincreasesndrails areunavailablefor longerperiods
of time.
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Algorithm comparison: Saturation point as function of message size
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Figure 13. Hybrid algorithm comparison of bandwidth (a) and latency with no striping.

6.6. Hybrid approach

Theresultsobsenedin 6.1and6.5indicatethatthe basicalgorithmperformsbetteron shortermessagesyhile thedynamic
algorithmperformsbetteron longermessagedt maythereforebe usefulto try ahybrid approachthatuseshebasicalgorithm
for messageshorterthanagiventhreshold andthedynamicalgorithmotherwise (Thisthresholds implementedn Algorithm
7 asSHORT _MESSAGE_LENGTH).

Severalshortmessagesizethresholdsveretestedandcomparedn the dynamicandbasicalgorithms.We used128 nodes
of four PEseachwith four rails, anaveragemessageizeof 32 K B, andshortmessagsizethresholdof 1, 4, 8, 16, and32
K B. Figures13-14 shov the bandwidthandlateng obtainedwithout andwith striping.

It canbe clearly seenfrom theseresultsthat the hybrid approachoutperformsboth the dynamicand basicapproaches,
regardles®f striping,in termsof bothbandwidthandlateng (with theexceptionthatatathresholdof 32 K B, hybrid performs
somavhatworsethandynamicfor low injectionrateswhenstripingis used).This maystemfrom thefactthatmessageshorter
thanthe thresholdare sentwith no striping (asin basic),sothe lateng for relatively large messagesanbe lower if striping
is used(Figure 14(b)). On the otherhand,whenno striping is used,the dynamicalgorithm performsworsethanthe hybrid
methoddor low injectionrates,andaboutthesamefor higherinjectionrates.This canbeexplainedby thefactthatthedynamic
approachhasalargersaturatiorpointfor averagemessagsizethanthe basicapproachsee6.5),andthe hybrid approactuses
thebasicalgorithmfor shortmessagsizes.
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Figure 14. Hybrid algorithm comparison of bandwidth (a) and latency (b) with striping.

7. Conclusions

Oneof thenovel methodghatcanbeusedo increaseommunicatiorperformanceandenhancéaulttolerancen aclusterof
workstationds to useparallelindependennetworks(rails). In this paperwe exploredvariousaspect®f multirail interconnects
andpresentedereralrail allocationalgorithmsfor efficient usageof therails. We have shavn thatthe dynamicalgorithmcan
performrelatively well in termsof bandwidthfor sufiiciently large messagsizes,andcanhandlearelatively high loadbefore
saturating Furthermoreijt hasbeenshown thatthis algorithmis scalabledueto its adaptve nature- increasinghe numberof
rails from oneto sevenincreaseshe maximumrelative bandwidthin alinearmanner Superlinearityis achiezedfor messages
largerthan8KB. Furthermorethe bandwidthincreasesisthe messageizeincreasesunlike the casefor otherapproaches.
Incorporatingprotocol-freeshortmessagéandlingwasshowvn to increasehe maximumbandwidthby up to 7.5% morethan
the puredynamicalgorithm,andup to 36.6% and48.7% morethanthe basicandlocal-dynamicapproachesespectiely. We
have alsoshavn thatstripinga messagever severalrails canbe usedto obtaina significantreductionof lateng/ whenloadis
low.
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